RNases III form a family of double-stranded RNA (dsRNA) endonucleases found in both prokaryotes and eukaryotes. These enzymes are involved in the processing of a large number of stable RNAs. Prokaryotic and eukaryotic RNase III-like proteins participate in the maturation of the precursors of rRNAs (pre-rRNAs). In eukaryotes, RNases III are required for processing of the 35S pre-rRNA; in both Saccharomyces cerevisiae and Schizosaccharomyces pombe, RNases III cleave the 3Ј external transcribed spacer (ETS) found in the 35S pre-rRNA (2, 3, 13, 23, 25) . This processing event is one of the earliest steps in pre-rRNA processing. In addition to having a role in pre-rRNA processing, eukaryotic RNases III play important roles in the processing of several families of stable small RNAs. In S. cerevisiae, spliceosomal small nuclear RNAs (snRNAs) are processed by Rnt1p cleavage in the 3Ј extension found in the precursors of U1, U2, U4, and U5 snRNAs (1, 5, 15, 21, 24) . This function is conserved in fungi, at least for the U2 snRNA from S. pombe, whose 3Ј-end processing requires Pac1p, the S. pombe ortholog of RNase III (28) . Earlier genetic data suggest that the role of Pac1p is not restricted to the U2 snRNAs but that it is also involved in the processing of other S. pombe snRNAs (20) . In addition to the processing of snRNAs, Rnt1p has also been shown to have a major function in the processing of small nucleolar RNAs (snoRNAs). Some of these snoRNAs are synthesized with a 5Ј extension, and Rnt1p cleavage provides an entry site for final trimming to the mature 5Ј end by the 5Ј33Ј exonucleases Xrn1p and Rat1p (6; C. Y. Lee et al., in press). A few other snoRNAs are synthesized as polycistronic precursors, from which Rnt1p cleavage produces monocistronic intermediates that are further trimmed to the mature end by exonuclease digestion (6, 7, 17) . It is not clear whether the function of RNase III in snRNA and snoRNA processing is conserved in multicellular eukaryotes. However, plant and metazoan RNases III belonging to the Dicer family are essential for processing a large number of microRNAs (10-12, 16, 18) .
The identification of a large number of Rnt1p processing signals in rRNAs, snRNAs, and snoRNAs points to conserved structural features of Rnt1p substrates. Most Rnt1p dsRNA substrates are capped by tetraloop sequences carrying the weak consensus sequence AGNN (4, 6) . These tetraloops are essential for cleavage activity, and the cleavage site is positioned 14 to 16 bp away from the AGNN tetraloop, suggesting that the enzyme acts as an RNA helical ruler (4) . Structural analysis of these tetraloops showed that the enzyme probably recognizes a specific tetraloop conformation and that the strongest sequence requirement resides in the universal G2 position, which must be in the syn conformation (26) . In contrast to Rnt1p, most other RNase III-like enzymes cleave dsRNA with only very limited or no sequence specificity. Escherichia coli RNase III specificity relies on antideterminants in the dsRNA region (27) , and S. pombe Pac1p as well as human Dicer does not seem to exhibit sequence specificity. These observations raise the question of when the specificity for AGNN tetraloops arose during the evolution of RNase III enzymes.
I took advantage of the sequencing effort of the Génolevures genomic program (22) , which selected a set of species representative of the Hemiascomycetes class, and performed the sequencing of a large number of random sequence tags (RSTs) to answer two questions. First, it is not known whether the function of RNase III in processing pre-rRNAs, snRNAs, and snoRNAs is conserved in Hemiascomycetes. Second, the dif-ference in cleavage specificity between S. cerevisiae Rnt1p, which requires AGNN tetraloops, and S. pombe Pac1p, which does not seem to require this type of terminal loop, suggests that the Rnt1p specificity for AGNN tetraloops may have been acquired after the divergence of S. cerevisiae and S. pombe. The analysis of a large number of predicted RNase III substrates in Hemiascomycetes may provide an answer to these questions and help determine when this RNA structure specificity was adopted during evolution. In this study, I show that predicted Rnt1p-type cleavage sites are present in most Hemiascomycetes sequences analyzed and that most of these predicted sites exhibit terminal AGNN tetraloops that are compatible with Rnt1p cleavage specificity. These results demonstrate that RNase III processing pathways, as well as RNase III cleavage specificity, are conserved among most Hemiascomycetes, with the exception of the evolutionarily distant species Yarrowia lipolytica.
MATERIALS AND METHODS
Sequences and secondary-structure analysis. Sequences for rRNA 3Ј ETSs and snRNAs were retrieved from the Génolevures website by using a BLAST analysis of the S. cerevisiae RSTs (http://cbi.labri.fr/Genolevures/advanced_blast .php3). For identification of the 3Ј ETS sequences, the last 250 nucleotides (nt) of the 25S rRNA were used for the BLAST search, and RSTs containing more than 300 nt of sequence downstream from the 25S rRNA were selected. For sn(o)RNAs, the entire mature sn(o)RNA sequence was used. In the case of modification guide C and D box-containing (box C/D) snoRNAs, many hits were obtained; these sequences in some cases included short regions of complementarity with the rRNAs corresponding to the guide sequences. Most of the uncovered sequences whose BLAST E value was above 1.0 were discarded. For other sequences with high E values (0.1 to 0.9), the presence of the box C and box D sequences was manually verified, and sequences that did not show both of these conserved boxes were discarded. RSTs that did not contain more than 120 nt of the flanking region were also discarded. RNA secondary-structure prediction with Mfold (14) was performed by using M. Zuker's Mfold web server (29) (http://www.bioinfo.rpi.edu/applications/mfold/old/rna/). For most sn(o)RNA sequences, only one RST was found in the Génolevures database and analyzed. For most 3Ј ETS sequences, several hits were obtained for each species. In this case, two to three sequences obtained from independent RSTs were analyzed, and in all cases, the sequences and the secondary structures were found to be identical. Secondary-structure prediction was performed on 120 to 300 nt of regions flanking the 5Ј end, 3Ј end, or intergenic sequences. One of the 5%-suboptimal structures is shown in the figures.
Statistical evaluation of the presence of AGNN stem-loops in rRNA and sn(o)RNA flanking sequences. To evaluate the statistical significance of the presence of predicted stem-loops capped by AGNN tetraloops, 111 sequences flanking random genes were selected from the Génolevures database. Twohundred-nucleotide segments of these flanking sequences were folded using Mfold (14, 29) to detect the presence of predicted stem-loops of at least 4 bp capped by AGNN or XGNN (AGNN, UGNN, CGNN, or GGNN but not YNCG or GNRA) sequences. Four AGNN and 11 XGNN stem-loops were detected in these random sequences. This random sample was used for statistical evaluation with a binomial proportions test. Comparing the frequency of the presence of AGNN stem-loops in the RSTs containing flanking sequences of rRNA and sn(o)RNA to that in the random sample showed a highly significant enrichment of AGNN stem-loops in these sequences (P Յ 1.25 ϫ 10 Ϫ22 ). The presence of XGNN stem-loops in the RSTs containing flanking sequences of rRNA and sn(o)RNA was also highly significant (P Յ 9.2 ϫ 10 Ϫ21 ).
RESULTS

Rationale of sequence analysis.
To analyze the putative presence of RNase III processing sites in a large number of substrates and Hemiascomycetes species, I searched the Génolevures sequence database for orthologs of rRNA and sn(o)RNA sequences (see Materials and Methods). Because Rnt1p processing sites are usually present less than 300 nt from the mature sn(o)RNA sequences, I restricted the subsequent secondary-structure analysis to RSTs that contained only sufficient (Ͼ120 nt) 5Ј-or 3Ј-end-flanking sequences. I also searched the Génolevures sequence database for the presence of sequences downstream from the 25S rRNA to obtain putative 3Ј ETS sequences. After these sequences were retrieved, predicted RNA secondary structures were obtained by using the Mfold algorithm (14, 29) . The list of RSTs analyzed for the presence of predicted secondary structures is shown in Tables  1 and 2. Table 1 shows the RSTs used to analyze the predicted secondary structures in the 3Ј ETS sequences downstream from the 25S rRNA from all 13 Hemiascomycetes species. Table 2 shows the list of RSTs used to analyze processing signals upstream (5Ј) or downstream (3Ј) from snRNAs and snoRNAs or located in the spacer of polycistronic arrays. For these sn(o)RNAs, I searched for ortholog sequences of all known Rnt1p processing substrates. Some known substrates could not be retrieved from the RSTs, or the corresponding RSTs did not contain enough flanking sequence information. Therefore, these sn(o)RNAs are not included in Table 2 .
Conservation of RNase III processing sites in the 3 ETS sequences of the pre-rRNAs. Ribosomal DNA (rDNA) is present in a large number of copies per haploid genome for all the Hemiascomycetes species analyzed (22) . Because the Génolevures sequencing program was based on the random sequencing of genomic fragments, rDNA sequences are represented in multiple copies in the RSTs of the Génolevures database for all of these species. This feature allowed the retrieval of several copies of 3Ј ETS sequences for all 13 Hemiascomycetes species (Table 1) . For all of these species, extensive secondary structures could be predicted immediately downstream from the mature 3Ј end of the 25S rRNA (Fig. 1) . For most Hemiascomycetes species, the predicted secondary structures are capped by terminal AGNN tetraloops (Table 1 ; Fig. 1 ). The occurrence of the stems capped by AGNN tetraloops is highly significant compared to their occurrence in a random sequence population extracted from the Génolevure database (P Յ 1.25 ϫ 10 Ϫ22 ) (see Materials and Methods). The predicted structures suggest that the 3Ј ETS sequence is cleaved by an RNase III-like activity in these species and that the Rnt1p orthologs have retained the specificity for AGNN tetraloops. Closely related species have conserved several base pairs in their 3Ј ETS secondary structures (compare Saccharomyces kluyveri and Kluveromyces thermotolerans, Kluveromyces marxianus and Kluveromyces lactis, and Pichia sorbitophilia and Debaryomyces hansenii), and the sequences and therefore the secondary structures are identical in S. cerevisiae and Saccharomyces bayanus. For Saccharomyces exiguus and Pichia angusta, the terminal loops exhibit a G at the first position. 
RNA type is given according to S. cerevisiae nomenclature. In the case of the snR78-72 operon, a contig was obtained from two K. lactis RSTs (BA0AB037H07SP1 and BA0AB027E08SP1) (ϩ). Pr, processing signal; P, polycistronic.
b Only 120 nt of flanking sequence was available.
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However, it is known that Rnt1p can tolerate a G at the first position of the tetraloop, as long as the tetraloop does not adopt a GNRA fold (8) . The other exceptions were found in Candida tropicalis and in Y. lipolytica, for which the 3Ј ETS sequences did not exhibit this type of terminal tetraloop structure in any of the RST sequences analyzed. Interestingly, two predicted stem-loops structures were found in the 3Ј ETS of Y. lipolytica. These two stem-loops may correspond to genuine processing signals, as a particular sequence has been conserved in both of these stems (Fig. 1) . Thus, these two stems may correspond to duplicated processing signals. The stems are not capped by AGNN tetraloops but rather by trinucleotide loops. Overall, analysis of the 3Ј ETS sequences suggests that RNase III processing in the 3Ј ETS occurs in most Hemiascomycetes species and that the RNase III activities involved have a specificity for dsRNA capped by AGNN tetraloops, with the exception of Y. lipolytica and possibly C. tropicalis (see below).
Not surprisingly, Y. lipolytica is the most distant species from S. cerevisiae on the evolutionary scale (22) .
Conservation of 5-end processing signals.
A large number of independently transcribed box H/ACA and box C/D snoRNAs are processed by RNase III cleavage in the 5Ј extension of the precursor, followed by exonucleolytic digestion (6; Lee et al., in press). I searched for orthologs of these snoRNAs and analyzed the 5Ј-end-flanking sequences for the presence of predicted secondary structures. A total of 27 orthologous sequences flanked by sufficient 5Ј-end-flanking sequences were found for a total number of 12 different snoRNAs (two box H/ACA snoRNAs, snR36, and snR46, and 10 box C/D snoRNAs) ( Table 2 ; Fig. 2) . In most cases, extensive secondary structures could be predicted at a short distance upstream from the mature snoRNA sequences, and these stems were capped by AGNN tetraloops. Interestingly, the distances between the last nucleotide of the stem and the 5Ј end of the 
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FUNGAL RNase III PROCESSING SIGNALS 905 snoRNA are often comparable for S. cerevisiae and the other species. In some cases, the predicted processing signals seem to have diverged from a single stem to two stems which potentially stack onto each other to reconstitute a processing signal, as described previously for the snR40 5Ј-end processing signal in S. cerevisiae (6) . This is the case for snR47 in K. marxianus and for snR52 in all Kluyveromyces species. For some very close species, for example, S. cerevisiae and S. bayanus, the sequence of the stems has diverged, but compensatory mutations have maintained the overall architecture of the stem-loop (e.g., in snR47). In some other cases, the upper part of the stem near the tetraloop has conserved some sequence similarities between S. cerevisiae and other species (e.g., in snR47, snR62, snR71, and snR79). This analysis did not reveal any ortholog of snoRNA sequences from the Pichia genus or from D. hansenii and Y. lipolytica. Since these organisms are the most evolutionarily distant from S. cerevisiae, the sequences of these snoRNAs may have diverged enough so that orthologous sequences can hardly be found with standard BLAST procedures. Several matches of very short sequences with high P values were obtained for some snoRNAs in some of these species, but they were not analyzed further. However, some of the matches may represent true orthologous sequences. Interestingly, a true ortholog of the snR47 snoRNA was identified in C. tropicalis, and a predicted AGAA stem-loop was found in the 5Ј-end-flanking sequence of this snoRNA. This finding suggests that even though AGNN stem-loops are absent from the 3Ј ETS of the rDNA, an RNase III activity that recognizes AGNN tetraloops is present in C. tropicalis. It is unknown whether the same activity processes the rRNA on the 3Ј ETS or whether a duplicated RNase III activity specialized in processing the rRNA 3Ј ETS exists without specificity for dsRNA capped by AGNN tetraloops.
Conservation of polycistronic box C/D snoRNA processing signals. In S. cerevisiae, several box C/D snoRNAs are expressed as polycistronic transcription units and processed by Rnt1p cleavage followed by exonuclease processing (6, 7, 17) . In these cases, the Rnt1p cleavage sites are often made of short stems capped by AGNN tetraloops, which stack onto longer stems where cleavage occurs (17) . Partial orthologous sequences were found for the operon expressing seven snoRNAs (snR78 to -72 [snR78-72]) in S. bayanus, K. lactis, and P. sorbitophilia (Table 2 ; Fig. 3 ). The S. bayanus RST contained all snoRNAs but snR78, the K. lactis sequences contained snR78-75, and P. sorbitophilia contained snR75-73. Since the distances between the mature snoRNAs in these RSTs are usually 120 nt or less, these species have probably conserved the polycistronic mode of expression of these snoRNAs. For S. bayanus and K. lactis, RNase III processing signals similar to those observed in S. cerevisiae could be predicted (Fig. 3) . For simplicity, the longer stems onto which the AGNN short stemloops potentially stack were not represented in Fig. 3 . No secondary structures capped by AGNN tetraloops could be identified for the P. sorbitophilia sequences.
Orthologous sequences for the tricistronic snR57-snR55-snR61 snoRNA transcription unit were identified in K. marxianus, Zygosaccharomyces rouxii, and P. sorbitophilia. Although no AGNN stem-loop can be predicted from the S. cerevisiae sequence (unpublished data), polycistronic processing sites could be predicted in all of these three species (Fig. 3) , either between snR57 and snR55 or between snR55 and snR61, strongly suggesting that these three snoRNAs are also expressed from a polycistronic precursor. Orthologs of the 
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CHANFREAU EUKARYOT. CELL snR41-snR70-snR51 tricistronic expression unit were identified in K. lactis and K. marxianus (Table 2 ; Fig. 3 ), with short GGNN stem-loops between each species. While this sequence diverges from the AGNN consensus, it is known that Rnt1p can tolerate a G at the first position (8) . Overall, these results suggest that the polycistronic mode of expression of some of the box C/D snoRNAs has been conserved in Hemiascomycetes and that the corresponding orthologs of RNase III play a role in the processing of these species. For some of the snoRNAs, no processing signal could be identified (e.g., between snR55 and snR61 for K. lactis and P. sorbitophilia). Despite the absence of processing signals between snR55 and snR61, it is possible that a single processing signal between snR57 and snR55 is sufficient to separate the three snoRNAs; that is, if the AGNN stem-loop located between snR57 and snR55 coaxially stacks onto a downstream stem that loops out the second snoRNA (snR55), dsRNA cleavage on both sides of snR55 may be sufficient to separate the three snoRNAs from each other, as was observed for snR75 (17) . For the other snoRNA species, the absence of the predicted AGNN tetraloop does not necessarily mean that these structures do not exist; previous computer searches for secondary structures in the polycistronic arrays revealed that the processing signals are usually harder to predict than are rRNA or 5Ј-end processing signals, even if they have been identified in vivo (4) . Therefore, the absence of predicted sites does not necessarily mean that they do not exist in vivo. Conservation of 3-end processing signals. The 3Ј-end processing of snRNAs and snoRNAs by RNase III is clearly a dispensable processing pathway. This conclusion is suggested by the fact that the 3Ј ends of most sn(o)RNAs that are processed by Rnt1p can be generated by exonucleases or by the polyadenylation machinery in the absence of Rnt1p (1, 5, 15, 21, 24) . For example, the U5 snRNA is present in S. cerevisiae with two forms; the longer one is processed through a Rnt1p-dependent pathway, while the shorter form is processed through a Rnt1p-independent pathway (5). S. exiguus also exhibits these two forms, while S. kluyveri, K. lactis, and Y. lipolytica exhibit only one form (19) . These observations suggest that for these three species, the dependence on RNase III for processing has been lost. Eleven RSTs were obtained with sufficient 3Ј-end-flanking sequences for spliceosomal snRNAs or the U3 snoRNA. The conservation of stem-loop structures capped by AGNN tetraloops was not as strong for these 3Ј-end processing signals as those described previously for 5Ј-end processing signals (Table 2 ; Fig. 4 ). Only one AGUU stem-loop was found for Z. rouxii U5 snRNA, while no AGNN stem-loop could be predicted in RSTs from K. marxianus and K. lactis. This negative result is consistent with the observation that only one form of U5 is present in K. lactis, probably processed through an RNase III-independent pathway. Similarly, only one species out of three showed an AGNN stem-loop for the (Table 2 ; Fig. 4 ). The conservation of the stemloop structure seems stronger for the U3 snoRNA, for which both K. lactis and Z. rouxii exhibited AGNN stem-loops (Fig.  4) . Overall, these phylogenetic observations strengthen previous biochemical data suggesting that 3Ј-end processing of snRNAs by RNase III is a redundant pathway that may have been lost during the recent evolution of yeast species.
DISCUSSION
In this study, I show that RNA processing signals obeying S. cerevisiae RNase III specificity rules are present in most Hemiascomycetes species analyzed in the Génolevures program. Predicted RNase III cleavage sites are present in all four categories of processing signals described so far: 3Ј ETS, 5Ј end, 3Ј end, and polycistronic (Fig. 5) . The most complete phylogenetic picture was obtained for the rRNA 3Ј ETS sequences, since they were found in abundance in the Génolevures RSTs and since they are easily identified with a standard BLAST analysis due to the strong conservation of the 25S rRNA sequence. Strikingly, Rnt1p-type stem-loops were present in all species but C. tropicalis and Y. lipolytica (Table 1 ; Fig. 1 ). In the case of snoRNAs, orthologous sequences were harder to obtain for evolutionarily distant species such as Pichia spp., D. hansenii, C. tropicalis, and Y. lipolytica, because these noncoding RNAs are small and because their sequences may have diverged significantly. Therefore, standard BLAST analysis revealed only a limited number of substrates for these species. Nevertheless, the purpose of this study was not to identify the full set of snoRNAs orthologs for all these species but rather to identify examples that would reveal the conservation of Rnt1p-type processing sites. Data obtained on the 3Ј ETS sequences of D. hansenii and P. sorbitophilia, on the polycistronic signal between snR57 and snR55 in P. sorbitophilia, and on snR47 in C. tropicalis, however, suggest that an Rnt1p-like activity may exist in Pichia, D. hansenii, and C. tropicalis, since some of the predicted RNA processing signals identified from these species show AGNN-type secondary structures. In C. tropicalis, only one snoRNA substrate could be found, and it obeys the AGNN rule (snR47). The other predicted substrate, the 3Ј ETS, does not show any AGNN tetraloop. One possible explanation is that the same activity processes the snoRNAs and the rRNA on the 3Ј ETS sequences but that the 3Ј ETS activity does not require AGNN tetraloops. This activity has been shown for S. cerevisiae's U18 snoRNA (9) , where Rnt1p cleavage occurs without the presence of AGNN tetraloops. Alternatively, it is possible that a duplicated RNase III activity that is specialized for the processing of the rRNA 3Ј ETS exists but has lost the specificity for dsRNA capped by AGNN tetraloops.
The presence of the processing signals suggests that most Hemiascomycetes species have conserved the mode of expression and processing of these noncoding RNAs. While the conservation of RNase III cleavage in the 3Ј ETS sequence was expected, given the functional conservation described for S. pombe (23) , the conservation of RNase III processing sites upstream from mature snoRNA sequences and in intergenic snoRNA sequences suggests that these snoRNAs have conserved their mode of expression and processing from monocistronic or polycistronic precursors. In most cases, the sequences of the flanking sequences have more or less strongly diverged, but the secondary structures have been conserved due to the selection pressure to maintain the RNase III cleavage sites. While this prediction has not been tested experimentally, the phylogenetic argument is probably strong enough to support the prediction that the RNase III orthologs cleave the 5Ј extensions of the precursors, or the intergenic spacers in the polycistronic precursors, and that cleavage is followed by exonucleolytic processing.
Overall, the sum of data obtained from this phylogenetic analysis suggests that Rnt1p-type processing exists, at least for one category of the substrates for each Hemiascomycetes species analyzed by the Génolevures program, with the exception of Y. lipolytica (Fig. 5) . Interestingly, this species is the most evolutionarily distant species from S. cerevisiae when a cladogram is established by using rDNA sequences (Fig. 5 ) and seems to have diverged early from other Hemiascomycetes species. Based on these observations, two scenarios are possible. It is possible that the specificity of RNase III for dsRNA capped by AGNN tetraloops was present in the common ancestor of all these Hemiascomycetes but that the Y. lipolytica RNase III somehow evolved and lost the specificity for the tetraloops even though this specificity was conserved in all other species. Alternatively, it is possible that the specificity for AGNN tetraloops was acquired after the divergence between Y. lipolytica and all other Hemiascomycetes species analyzed. In both cases, the events require a rapid coevolution of the enzyme specificity and the substrate sequences. While the second scenario seems more parsimonious since S. pombe Pac1p does not rely on AGNN tetraloop recognition, further analysis of RNase III processing signals in more distant Ascomycetes species will possibly reveal which is the more likely evolutionary scenario.
